Rubusoside, the β-D-glucosyl ester of 13-O-β-D-glucosylsteviol, has been isolated as the major sweet principle from the leaves of Rubus suavissimus S. Lee (Rosaceae) grown in Southern China at yields greater than 5% [15] . Rubusoside is used to produce tiancha (Chinese sweet tea). Although rubusoside exhibits 114-fold greater natural sweetness than sucrose, its disadvantage is a slightly bitter taste and aftertaste. Many researchers have attempted to improve its sweetness level by adding transglycosyl or -fructosyl residues using cyclomaltodextrin glucanotransferase (CGTase) [1] , α-galactosidase [5] , and β-fructofuranosidase [3] , respectively (Table 1 ). In spite of extensive research, the association between the structure and the sweetness/quality of taste of the derivatives is yet to be significantly elucidated. Rubusoside also is an effective solubilizing agent [17] , such as liquiritin, teniposide [10] , etoposide, and astragalin [2] in the pharmaceutical industry.
Dextransucrase (DexT; E.C. 2.4.1.5) is a type of glucansucrase that catalyzes the polymerization reaction from sucrose to dextran through a transglucosylation reaction. The transglucosylation activity of DexT has been exploited to enhance the functionality of several materials, including the anticoagulant properties of salicin [12] , the development of acarbose as a novel inhibitor of α-amylase [16] , and improving the solubility of catechin [9] for use as a pharmaceutical material. Recently, we found that two DexTs (LlDexT and LcDexT) from Leuconostoc lactis EG001 [4] and L. citreum KM20 [6] could transform steviol glucoside at different regioselectivity, such as alpha-1,3 or alpha-1.6 transglucosylation activity for LlDexT [4] or LcDexT [6] . Rubusoside was transformed into transfer products (glucosyl rubusoside 1 and glucosyl rubusoside 2) with enhanced sweetness and significantly improved quality of taste. In this study, we demonstrated the synthesis of different regiospecific monoglucosyl glucosyl rubusosides using these two DexTs and elucidated their structuresweetness association (Fig. 1) .
The two recombinant DexTs were expressed in Escherichia coli BL21 (DE3), harboring the two dextransucrase genes, at
20
o C for 12 h as previously described [4, 6] . Approximately 16 mg (98 U/mg) and 3.5 mg (126 U/mg) of final purified LcDexT (170 kDa) and LlDexT (165 kDa), respectively, were obtained from 1 L of culture broth. DexT activity was determined by quantifying the level of fructose liberated from sucrose by the addition of dinitrosalicylic acid [8] ; one unit of DexT activity was defined as the quantity of Table 1 . Regiospecific transfer products of rubusoside by various enzymes and their yields.
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This study -, not observed. at 100 o C for 5 min, the reaction aliquots were centrifuged to remove insoluble materials. The supernatants were then analyzed by thin-layer chromatography (TLC), as previously described [13] , and high-performance liquid chromatography was carried out in a system (HPLC; Agilent Technologies, Palo Alto, CA, USA) equipped with a quaternary HPLC pump, a degasser, an autosampler, and a UV detector (VWD). The reaction mixtures displayed novel single spots in TLC analysis (data not shown) and glucosyl rubusoside 1 and glucosyl rubusoside 2 exhibited retention times of 22.4 min and 21.6 min, respectively, in HPLC analysis, implying that the two DexTs have different regioselectivity for rubusoside (Fig. 2) . Liquid chromatography-mass spectrometry (LC-MS) analysis of the glucosyl rubusosides indicated an 803 Da shift, indicating the transfer of one glucosyl moiety to rubusoside. Subsequent to desalting using AW-90 resin (Samyang Co., Seoul, Korea), the glucosyl rubusosides were isolated by C 18 resin with an ethanol step gradient. The glucosyl rubusosides were eluted in the 75% (v/v) ethanol fraction and the final purified glucosyl rubusoside 1 and glucosyl rubusoside 2 were obtained at high yields of 59% (147.5 mg) and 66% (164.4 mg), respectively. Previously, Kitahata et al. [5] attempted to synthesize rubusoside derivatives using plant or bacterial galactosidases, resulting in yields of 2.7-13.3%. The relative sweetness and the quality of taste of the synthesized glucosyl rubusosides are listed in Table 2 . Improved sweetness intensity was observed for both glucosyl rubusosides; glucosyl rubusoside 1 in particular exhibited 1.16-fold higher sweetness than rubusoside. The quality of taste of the two glucosyl rubusosides (aftertaste and deliciousness) was also greatly improved by the addition of a glucosyl moiety to the free hydroxyl group of the glucosyl moiety at the 13-position of rubusoside. These data indicated that modification of the glucosyl residue at this position may play a critical role in sweetness and quality of taste [5] . Although the sweetness of glucosyl rubusoside 1 and glucosyl rubusoside 2 was greatly enhanced over that of rubusoside, the levels were not as high as that of stevioside and rebaudioside A; however, they were comparable to rebaudioside A in the quality of taste. Elongation of the 13-O-glucosyl moiety enhanced the sweetness intensity of the steviol glycosides, and the 13-O-glucosyl moiety resulted in an increase in the quality of taste of rubusoside. These characteristics could be utilized to mask the limitations of other sweeteners with modifications (Table 2 ) at the 13-Oglucosyl moiety of rebaudioside A that exhibit high quality of taste [14] . Unfortunately, these compounds are found at less than 0.5% in S. rebaudiana. The enzymatically synthesized glucosyl rubusosides presented in this study could be applicable as strong alternatives of rebaudioside A or stevioside.
The two products produced by the DexTs in this study possess three advantages: first, the two DexTs exhibited a high yield, approximately 59-66% of the transglucosylation products of rubusoside (Table 1 ) compared with 2.7-13.3% yield using α-galactosidase [3] or β-fructofuranosidase [7, 11] ; second, one reaction resulted in the synthesis of a single product with different regioselective derivatives at the free 1,6-or 1,3-hydroxyl group of the glucosyl moiety at the 13-position of rubusoside; and third, these regiospecific glucosylations of rubusoside increased the quality of taste and sweetness. Further studies regarding the synthesis of glucosyl stevioside or glucosyl rebaudioside A derivatives using the two DexTs are currently being conducted to confirm the relationship between structure and sweetness/ quality of taste.
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This research was supported by the KRIBB Research Initiative Program, Fishing Commercialization Technology Table 2 . Relative sweetness and quality of taste of glucosyl rubusosides and steviol glucosides. Rebaudioside D β-Glc(2 → 1)β-Glc (3 → 1)β-Glc β-Glc(2 → 1)β-Glc 221 +3 [13] Rebaudioside E β-Glc(2 → 1)β-Glc β-Glc(2 → 1)β-Glc 174 +1 [13] Rubusoside β-Glc β-Glc 114 0 [1] Glucosyl rubusoside1 β-Glc(6 → 1)α-Glc β-Glc 132 (±8) +2 This study
Glucosyl rubusoside 2 β-Glc(3 → 1)α-Glc β-Glc 129 (±9) +2 This study RS: relative sweetness to sucrose (on a weight basis).
a Quality of taste relative to 3: +3, fairly better; +2, better; +1, slightly better; 0, almost the same.
